Objectives: We characterized human H1N1 influenza isolate A/Hokkaido/15/02, which has haemagglutinin and neuraminidase mutations that reduce drug susceptibility to oseltamivir, zanamivir and peramivir.
Introduction
The influenza neuraminidase inhibitors (NAIs) zanamivir, oseltamivir and peramivir are effective inhibitors of all strains of influenza. The neuraminidase (NA) active site contains 9 conserved catalytic residues and a further 10 residues that form a second shell providing structural stability to the catalytic residues.
1,2 Mutations conferring altered susceptibility to the NAIs mostly reside within these amino acids. 3 The most common mutation in influenza N1 strains is H274Y, which confers resistance to both oseltamivir and peramivir. Many early studies showed that H274Y mutant viruses were compromised in their fitness. However, an A/Brisbane/59/ 2007-like H1N1 virus with an H274Y mutation that recently emerged has no reduced fitness, and rapidly spread globally. 4, 5 Studies on the evolution of this virus have revealed that non-active site residues (R222Q, V234M and D344N) have subtle but important effects on NA enzyme function, stability and levels of expression. 6, 7 The A/Hokkaido/15/02 virus was initially identified as an outlier during NAI susceptibility screening of global isolates through the Neuraminidase Inhibitor Susceptibility Network. 8 The mutation conferred reduced susceptibility to both oseltamivir and zanamivir, with IC 50 values in the chemiluminescence assay .100-fold higher than the wild-type. Sequencing identified a unique Y155H mutation in the NA. Searching through the sequence databases identified that Y155 is conserved in all human N1 viruses, but H155 is found in some wild-type swine and avian N1 viruses and in some # Crown copyright 2013. J Antimicrob Chemother 2013; 68: 2210 -2221 doi:10.1093/jac/dkt205 Advance Access publication 11 June 2013 earlier human N2 viruses. The NAs of the highly pathogenic H5N1 avian influenza viruses have H155 yet are susceptible to the inhibitors. 9 Although we know that mutations conferring resistance vary between different influenza NA subtypes, 3, 10, 11 these findings additionally demonstrate that resistance can vary even within a subtype.
Plaque assays of the amplified A/Hokkaido/15/02 sample revealed a heterogeneous mixture of large and small plaques. Plaque purification identified viruses with a mixture of wild-type and resistant phenotypes in enzyme assays and cell culture. In addition to viruses with the Y155H NA mutation, we identified another plaque isolate with a V114I NA mutation, also at a nonconserved residue, that reduced drug binding. Two isolates also contained D225 (H3 numbering) haemagglutinin (HA) mutations in addition to an NA mutation, which affected receptor binding and drug susceptibility. We have characterized the impact of the mutations on the properties of HA and NA, and on virus growth.
Materials and methods

Cells and viruses
The A/Hokkaido/15/02 and wild-type A/Hokkaido/6/02 viruses were originally isolated at the Public Health Institute of Hokkaido, and were obtained from the National Institute of Infectious Diseases (NIID) after one passage in Caco2 cells (P1) followed by three passages in Madin Darby Canine Kidney (MDCK) cells. Plaques were picked and replaqued prior to amplification in MDCK cells. SIAT MDCK cells, which express increased levels of the gene for 2,6-sialyltransferase, were kindly provided by Dr H. Klenk (Marburg, Germany). Reassortant viruses were selected from coinfection with the A/Hokkaido/15/02 wild-type virus and one of each of the two viruses that had both HA and NA mutations, to generate viruses with wild-type NA and each HA mutation.
Cells were grown in Dulbecco's modified Eagle's medium (DMEM)/F12 medium supplemented with 7.5% fetal calf serum, glutamine and antibiotics. SIAT cells were supplemented with Geneticin (Sigma, Australia) at 1 mg/mL. Viruses were amplified in maintenance medium (MM), minimal essential medium (MEM) and Liebovitz L15 at a ratio of 1 :1, without serum, supplemented with 1 mg/mL trypsin (Worthington, USA). Plaque assays in both cells used an overlay of DMEM/F12 without serum, and 0.5% immunodiffusion grade agarose (MP Biomedicals, Australia) containing 1 mg/mL trypsin. For plaque reduction assays, zanamivir was incorporated into the agarose overlay to final concentrations in the range of 0.01 nM to 10 mM.
Kinetics of replication
MDCK and SIATcells in 24-well dishes were infected at a multiplicity of infection of 1.0, and duplicate wells were harvested every 6 or 8 h, respectively. Supernatants were removed for titration of cell-free virus and cells were washed with PBS and scraped into the same volume of fresh MM, then frozen and thawed prior to titration of cell-associated virus.
Chemicals and inhibitors
Zanamivir and peramivir were synthesized by GlaxoSmithKline (Stevenage, UK). Oseltamivir carboxylate was prepared by Dr Keith Watson (Walter and Eliza Hall Institute, Australia) by dissolving oseltamivir phosphate powder in water, neutralizing with sodium bicarbonate, then extracting with ethyl acetate to produce free oseltamivir. This was then dissolved in tetrahydrofuran and treated with potassium hydroxide as per Kim et al., 12 to produce oseltamivir carboxylate. Dilutions of inhibitors were prepared in water, ranging from 0.001 nM to 100000 nM. 4-Methylumbelliferyl N-acetyla-D-neuraminic acid (MUNANA) was obtained from Carbosynth, UK.
Enzyme assays
We used the MUNANA-based fluorescence assay 13 for measuring NA activity and drug inhibition, as previously described.
14 Final concentrations in the assay were 50 mM sodium acetate pH 5.5, 5 mM CaCl 2 and 100 mM MUNANA. Fluorescence was measured using a BMG FLUOstar Optima reader with 355 nM excitation and 460 nM emission filters. Two different assays were carried out to determine the IC 50 kinetics. 15 -17 The first assay used a 30 min pre-incubation of virus or NA with inhibitor prior to the addition of substrate. In the second assay, the NA, inhibitors and MUNANA were added simultaneously. Fluorescence for both assays was monitored immediately after substrate addition and thereafter at 1 min intervals for 60 min. Graphs of inhibitor concentration versus percentage enzyme inhibition compared with the control were plotted after 10, 20, 30, 40, 50 and 60 min. The IC 50 was calculated as the concentration of inhibitor resulting in a 50% reduction in fluorescence units (FU) compared with the control. IC 50 values were then plotted as bar graphs for each of the 10 min timepoints for both assays.
Sequencing of isolates
RNA for sequencing from the original P1 isolate was amplified using Access Quick RT-PCR (Promega, USA). RNA from plaque-purified viruses was extracted from viruses in cell culture media using the QIAamp Viral RNA Mini Kit and protocol (Qiagen, Australia). Then cDNA was prepared using the Phusion RT-PCR Kit and Phusion Hot Start High-Fidelity DNA Polymerase (Finnzymes, Finland) using specific primers binding to each end of the NA or HA genesto amplify the entire gene. Sequencing was carried out using Big Dye Terminator Cycle Sequencing by Micromon (Monash University, Victoria, Australia) using primers specific to either the NA or HA gene sequence.
Expression of recombinant NA
Since A/Hokkaido/15/02 contained mixed populations of wild-type and mutant viruses, we cloned the full-length NA from the A/Hokkaido/6/02 wild-type virus. The NA was cloned into pFastBac1 (Invitrogen) using the manufacturer's protocols. The Y155H mutant NA was generated using the QuickChange Site-Directed Mutagenesis Kit (Stratagene). Sf21 cells were infected with the recombinant viruses and after 3 -4 days the cells containing the membrane-bound NA were pelleted and resuspended in Sf900II medium.
Stability of NA activity
Wild-type or Y155H viruses were diluted in parallel in PBS, tris-buffered saline (TBS) or 2-(N-morpholino)ethanesulfonic acid (MES) with or without 10 mM CaCl 2 , and MM or MM plus 1% CHAPS. Samples were incubated in the fluorimeter at 378C for 0, 30, 60 and 90 min prior to the addition of MUNANA. Readings were taken at 1 min intervals from 0 min for 3 h. The mean activity in FU was calculated for triplicate samples after incubation with MUNANA for 60 min (wild-type) or 90 min (Y155H). The remaining activity was calculated as the percentage of the mean activity of the 0 min sample.
Effect of pH on enzyme activity
NA mutations can result in a change in the optimum pH for enzyme activity. 18 We prepared a series of MUNANA reaction mixtures to cover the range from pH 4.5 to 8.5. We used citrate-phosphate and MES for pH 4 -8 and acetate for pH 4 -7.5. Samples of virus were incubated in each of the solutions in parallel for 60 min and the FU was read after the addition Influenza drug resistance and NA and HA mutations JAC of Stop solution after 60 min. Relative FU were expressed as a percentage of the values for pH 6, as this was the middle of the pH range.
K m and K i
The Michaelis constant, K m , for MUNANA was calculated by measuring the FU at 1 min intervals with MUNANA concentrations ranging from 6.25 to 3200 mM in acetate buffer. K m for the Y155H NA was also determined in a MES pH 7.0 buffer to optimize stability and activity. Values are the means from at least three assays. Initial velocities of the reactions were calculated by measuring the maximum slope plotted as a function of substrate concentration. The K m was calculated in GraphPad Prism using a nonlinear regression function. The K i was calculated using non-linear regression and one-site competitive binding in GraphPad Prism. 15, 19 Red blood cell (RBC) binding and elution RBCs were obtained from chickens and turkeys. Serial 2-fold dilutions of virus were prepared in 50 mL of PBS, and 50 mL of a 1% RBC suspension was added. Plates were incubated at 48C for 1 h and then scanned to record the HA titre. Plates were then incubated at 378C and rescanned after 1 -2 h, 4 h and overnight to monitor the rate at which elution occurred (haemagglutination elution). HA mutations reducing receptor affinity will lead to more rapid elution. Samples were then gently mixed and resuspended and reincubated at 48C to determine whether elution appeared to be due to cleavage of receptors by the NA, in which case reagglutination would not occur, or due to weak HA affinity, in which case reagglutination should occur. A combination of both NA cleavage and weak HA affinity would result in only partial reagglutination.
We also investigated the susceptibility of virus elution to the NAIs, to determine the roles in elution of both the NA and HA. 17 A dilution of virus that eluted in the initial haemagglutination elution assay was incubated with serial 2-fold dilutions of zanamivir and oseltamivir, ranging from 10 mM to 9 nM. Plates were incubated at 48C to allow the initial agglutination to occur and were then incubated at 378C to determine at what concentration of NAI elution could still occur.
Results
The A/Hokkaido/15/02 H1N1 virus provided by the NIID to Viromed was amplified by Viromed before testing. 8 Genotypic analysis by the NIID confirmed that although the original clinical sample was not available, the Y155H mutation was present in the P1 isolate. However, it cannot be ruled out that the mutation arose in this first passage.
Plaque purification
Plaquing of the P1 stock and MDCK passaged virus revealed a mixture of large plaques ( 3 mm) and small plaques ( 1 mm; 10% -15% of the total plaques were small). Plaques of each type were picked and serially replaqued until the plaque-purified populations were homogeneous (Table 1) .
Initial screening of the first large-plaquing virus against zanamivir and oseltamivir in the MUNANA-based enzyme inhibition fluorescence assay showed it was susceptible to both inhibitors. Sequencing of the NA identified Y155 (HA wt NA wt ). The small plaque had the same sequence as reported by Monto et al., 8 with wild-type HA and the unique NAY155H mutation (HA wt NA Y155H ). Titration in an enzyme assay demonstrated it had lower NA activity per pfu (or per particle in an HA assay) compared with the wild-type virus, which may explain the smaller plaque size. Initial screening against zanamivir and oseltamivir in the MUNANA assay revealed it had reduced susceptibility to both NAIs, as was originally reported in the chemiluminescence assay. 8 Further detailed analysis of drug susceptibility is described in the Enzyme inhibition assays section.
The second large-plaquing virus had not only the NAY155H mutation but also an HA D225G (H3 numbering) mutation (HA   D225G   NA   Y155H ), which rescued the small-plaque phenotype seen with the HA wt NA Y155H virus. These viruses also had lower NA activity per pfu or particle. D225 is known to affect HA receptor binding, 20 -23 which would be consistent with previous observations of HA mutations compensating for decreased NA activity. 24 -26 The third large-plaquing virus had a novel V114I mutation in the NA and a D225N HA mutation (HA D225N NA V114I ). Initial screening in the MUNANA assay showed this mutation reduced susceptibility to zanamivir and oseltamivir by 3-to 5-fold.
To investigate the role of the HA mutations without NA mutations we generated reassortants between the HA wt NA wt virus and either the HA D225N NA V114I or the HA D225G NA Y155H viruses. We identified viruses that had the wild-type NA by their susceptibility in the enzyme inhibition assay, and the HA mutations were confirmed by reduced susceptibility in the plaque reduction assay with zanamivir. Genotypes were then confirmed by sequencing both the HA and NA.
Effects of mutations on replication and drug susceptibility in cell culture
Since HA mutations are known to affect the specificity or affinity of receptor binding, we compared infectivity and drug susceptibility in both MDCK and SIAT cells. The plaques in SIAT cells were smaller than in MDCK cells for all viruses, but titres in SIAT cells were about 50% higher for all viruses compared with titres in MDCK cells ( Figure S1 , available as Supplementary data at JAC Online), consistent with the preference of human-derived isolates for a2,6 receptors.
Plaque reduction assay
Since HA mutations confer resistance to all NAIs, and resistance was higher to zanamivir in the enzyme inhibition assay, all viruses were screened for susceptibility to zanamivir in plaque reduction assays in SIAT and MDCK cells ( Table 1 ). The plaque 27 The NA Y155H mutation conferred a ≤10-fold reduction in susceptibility, with the greatest reduction in susceptibility of 10- D225N NA wt virus with the single HA D225N mutation was the same or less than that of the double mutant, suggesting a minimal role for the V114I NA mutation in drug susceptibility in cell culture.
Kinetics of replication
We next investigated whether the mutations affected the kinetics of replication in MDCK and SIAT cells (Figure 1 ). Initial replication of all viruses was more rapid in SIAT cells, although, despite higher plaquing efficiency, the maximum yields were lower than in the MDCK cells. 
Enzyme inhibition assays
We have recently developed a real-time IC 50 kinetics assay 15 -17 to identify slow and fast binding of NAIs to wild-type and mutant viruses. If the inhibitor is slow binding then pre-incubation enhances occupancy of the enzyme active site, leading to a lower IC 50 than without pre-incubation. Conversely, without preincubation the IC 50 decreases with time, as the inhibitor gradually To confirm the role of the Y155H mutation in resistance we also expressed recombinant full-length wild-type and mutant NAs in insect cells. 28 We confirmed that in the fluorescence assay the Y155H mutant virus and the recombinant Y155H NA had reduced susceptibility to both zanamivir and oseltamivir, with IC 50 values of ≥100 and 60 nM, respectively. IC 50 values for the mutant virus were comparable to those previously observed in the chemiluminescence assay (150 and 69 nM, respectively). 8 Further testing also demonstrated that both virus and recombinant Y155H NAs had about 30-fold reduced susceptibility to peramivir compared with the wild-type NAs, (Figure 2 and Table 2 ).
In the IC 50 kinetics assay, all three NAIs demonstrated slow binding to the wild-type virus and recombinant NA (Figure 2) , with pre-incubation enhancing binding to the virus NA by 7-to 26-fold (Table 2 ) and by 1.8-to 7.6-fold for the recombinant NA. Additionally, there was an increase in IC 50 after the addition of substrate in the pre-incubation reaction, as seen previously with other wild-type NAs (Figure 2 ). 16 We observed a novel pattern of behaviour for the NAIs binding to the Y155H mutant NA. There was sometimes enhancement of enzyme activity in 1 -10 nM concentrations of the NAIs, so activity was higher than the control ( Figure S2 , available as Supplementary data at JAC Online). Pre-incubation of recombinant or virus NA with peramivir enhanced binding by 2-fold and 3-fold, respectively, but there was no enhancement for zanamivir and oseltamivir (60 min IC 50 ratio ≤1), suggesting loss of slow binding. However, analysing the kinetics graphs showed an unexpected decrease in IC 50 in the pre-incubation assay from 10 -60 min (Figure 2 ). This novel behaviour, seen with both virus and recombinant NAs, was more apparent for zanamivir and peramivir, although there was also a small decrease for oseltamivir. This suggests that decreased susceptibility of the H155 is related to extremely slow binding of the NAIs.
We also investigated the IC 50 kinetics of the HA D225N NA V114I virus, which had a small reduction in susceptibility to all three NAIs of 3.5-to 7-fold. Pre-incubation with both zanamivir and peramivir still decreased the IC 50 values, indicating slow binding (Table 2) . However, there was a greater increase in the zanamivir IC 50 from 10 to 60 min in the pre-incubation reaction compared with the wildtype, indicating a faster dissociation rate. The IC 50 for peramivir changed little over time, but started and ended higher than that of the wild-type. Although the oseltamivir IC 50 values for the early timepoints showed enhancement of binding with pre-incubation, there was little difference in the final oseltamivir IC 50 values with or without pre-incubation. This indicates faster dissociation compared with the wild-type (8.5-fold change from 10 to 60 min compared with 3.3-fold for the wild-type). Thus, even though the NA V114I mutation only had a small effect on susceptibility, it led to detectable differences in the kinetics of inhibitor binding.
Stability of the wild-type and Y155H NA
We often observed a loss of enzyme activity of either virus or recombinant Y155H samples. We therefore compared the stability of the activity of the wild-type and Y155H mutant virus NAs after incubation in PBS, TBS or MES with or without CaCl 2 , and MM with or without CHAPS detergent, which we often use to increase NA activity ( Figure 3) . Compared with the wild-type, the Y155H NA was very unstable in PBS and TBS, losing up to 80% of activity in 90 min. There was only a 30% loss of activity in MES, and none in MM. CaCl 2 stabilized both the wild-type and mutant activities, which may account for the stability in MM. CHAPS also dramatically reduced the Y155H NA activity compared with the wild-type NA. The recombinant mutant NA was also unstable in CHAPS (data not shown). Thus, the Y155H mutation led to instability of the enzyme, but this was buffer dependent. Activity was also buffer dependent ( Figure S3 , available as Supplementary data at JAC Online), with the maximum activity for the wild-type in MM; however, the mutant had the lowest activity in MM, despite this being the best buffer for stability, and the highest activity in MES.
Effect of pH on enzyme activity
Mutations in the active site can affect the pH optima for enzyme activity. 18 Because different buffers affected the stability and activity of the mutant NA, we compared activity in MES, acetate and citrate -phosphate buffers from pH 4 to pH 8.
In MES, both the wild-type and Y155H mutant NAs had high activity across a broad pH range, from pH 4 to pH 8 ( Figure 4) , with optimal activity at pH 6.5. Although the optimal activities for the wild-type and mutant viruses were both around pH 6.5, what was strikingly different between the wild-type and mutant pH profiles was that the wild-type still showed good activity in both acetate and citrate-phosphate buffers across a relatively broad pH range, from pH 5 to pH 7.5, whereas the mutant NA only had activity across a very narrow pH range. The effect of the citrate-phosphate buffer was the most dramatic, further demonstrating the critical nature of the buffer used to evaluate stability and enzyme activity.
Enzyme kinetics
To further understand the impacts of these mutations on enzyme function we calculated the affinity (K m values) of the NAs for the MUNANA substrate (Table 3) . We initially carried out the K m calculations in our standard acetate buffer. The K m for the NA Y155H mutant was around 1000 mM (data not shown), compared with the wild-type value of 20 mM. As our other results suggested that a MES pH 7 buffer may be better for stability and activity of the Y155H mutant NA, we also repeated the mutant NA K m assays in MES buffer. While the K m was lower in MES buffer (222 mM), it was still almost 10 times that of the wild-type virus. We used 222 mM for determining the K i values (Table 3) . Also, and unexpectedly, despite the small reduction in susceptibility to the NAIs, the K m for the V114I NA was increased by more than three times that of the wild-type NA.
We also calculated K i values for each of the wild-type and mutant NAs as previously described. 16 We have previously shown that since the K i value depends on the rate of the reaction, it also changes with time. 16 The wild-type and V114I NA K i values increased with time if calculated from the pre-incubation reaction, whereas the Y155H K i decreased with time ( Figure S4 , available as Supplementary data at JAC Online). The K i values for the final 50 -60 min time period of the pre-incubation reaction are shown in Table 3 , as this approaches the most constant rate. The K i values were elevated for both mutant viruses for all the NAIs, thus confirming decreased affinity for the NAIs.
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RBC binding and elution assays
The plaque reduction assays suggested that the HA mutations affected receptor binding. We therefore investigated haemagglutination of viruses using chicken and turkey RBCs and subsequent elution at 378C to look for differences in binding specificity or relative affinity ( and HA D225G NA Y155H viruses fully eluted, indicating a lower affinity compared with the wild-type HA, correlating with their reduced sensitivity in the plaque reduction assay. These viruses reagglutinated after remixing, indicating that elution was facilitated due to low affinity of their HAs, and that the low level of NA activity needed was not sufficient to deplete the receptors on the cells. By contrast, in the reassortant viruses with the wild-type NA and virus with the same HA D225G but the Y155H NA did not elute, suggesting that in addition to the weaker HA facilitating dissociation from the receptors (unlike the chicken RBCs, where either wild-type or mutant NAs were sufficient for elution), for turkey RBCs higher wild-type NA activity was needed. Neither reassortant virus reagglutinated at high virus concentrations (data not shown), indicating removal of all the receptors by excess virus. However, at lower virus concentrations there was reagglutination, suggesting that although significant NA activity was needed for elution, there was not sufficient activity to deplete the receptors.
We then investigated whether the various mutations enabled the viruses to elute in the presence of zanamivir and oseltamivir. Results for both drugs were similar and demonstrated that both NA and HA could contribute to drug resistance. Zanamivir results are shown in Table 5 . For chicken RBCs the D225G HA mutation facilitated more rapid elution and in higher concentrations of inhibitors than the D225N HA. Either wild-type or drug-resistant NAs could cleave the receptors, but the combination of the weaker D225G HA and the mutant Y155H NA was the most drug resistant (HA   D225G   NA   Y155H ). For turkey RBCs, both the reassortant viruses were more susceptible to the inhibitors than with chicken RBCs. As seen with the chicken RBCs, the D225G HA mutation enabled the reassortant virus to elute in higher concentrations of inhibitor compared with the D225N HA. Thus, the lower the affinity of the HA the less NA activity is needed and hence the greater drug resistance.
Discussion
We describe here the isolation and identification of a number of mutant viruses with reduced susceptibility to the NAIs from a sample cultured in vitro from an untreated patient. The sample contained large and small plaques, which were identified as a wildtype and three mutants with HA and/or NA mutations after plaque purification. One large-plaquing virus had wild-type susceptibility in all assays. One virus that formed small plaques had a single Y155H NA mutation, but there was also a second virus with the Y155H NA mutation, which had a D225G HA mutation that rescued the small plaque phenotype. The Y155H mutation in either virus or recombinant NA led to a reduction in susceptibility to all NAIs tested (oseltamivir, peramivir and zanamivir) in the MUNANA-based enzyme inhibition assay. A third large-plaquing virus had V114I NA and D225N HA mutations. The V114I mutation led to a small but distinct reduction in susceptibility to all NAIs. Neither the Y155H nor the V114I mutation has been described previously as affecting drug susceptibility. Neither Y155 nor V114 is conserved across subtypes nor directly interacts with the substrate or inhibitor in the enzyme active site, yet both altered inhibitor and substrate binding properties of the mutant enzymes.
Mutations in the HA are also known to affect susceptibility to the NAIs by decreasing affinity for the cell receptors, reducing the need for NA activity for elution of progeny virions. While both the D225G and D225N mutations affected receptor binding and decreased NAI susceptibility in cell-based assays, the D225G HA mutation The mutations in the HA seen here at amino acid 225 form part of the 220 loop in the HA receptor binding site (220-229). 29, 30 Mutations at 225 have been associated with changes in specificity of receptor binding of H1N1 viruses, with D225G enhancing binding to a2,3-linked avian-like receptors. 31 -33 Two recent reports suggest that D225G mutations may alter the drug susceptibility of pandemic viruses. 34, 35 There have been many reports of the effects of HA mutations on reduced drug susceptibility in cell culture, 10, 14, 17, 24, 25, 36, 37 however, since the altered receptor specificity is dependent upon the cells in which the mutant virus is tested, their clinical relevance is still poorly understood. 38 Our report here of the effect of D225 mutations on decreasing drug susceptibility in both MDCK and SIATcells is, we believe, the first to demonstrate a reduction in both cell lines. The role of HA mutations in altered NAI susceptibility remains an important area for further investigation.
Surprisingly, although Y155 is at the outer edge of the NA monomer, at the tetramer interface, the Y155H mutation had dramatic effects on enzyme function and drug sensitivity and stability. The Y155H mutant virus had smaller plaques in both MDCK and SIAT cells, which would correlate with its apparent lower NA activity. In contrast to other drug-resistant NA mutations that lead to loss of slow binding 15 -17 the Y155H NA demonstrated slower binding than the wild-type NA. The mutation also had a dramatic effect on substrate affinity, with an increase in K m of between 10-fold and 50-fold, depending on the buffer, and a consequent effect on the K i for all NAIs.
Despite the small effect on drug susceptibility, the V114I NA mutation had a very significant impact on K m , resulting in a .3-fold increase compared with the wild-type NA, and a consequent effect on the K i values. This mutation led to partial loss of slow binding of oseltamivir. Why both mutations have a much greater impact on K m than inhibitor binding is unexpected. However, we have recently shown that while the H274Y mutation affects the K m by ,2-fold (15 mM for wild-type and 27.6 mM for the H274Y mutant), 16 an N146S mutation, which decreases drug susceptibility by 2-fold, doubles the K m . 17 We have previously demonstrated that instability of mutant NAs can lead to loss of enzyme activity. 39, 40 We noticed loss of enzyme activity with the Y155H mutant. Since Y155 is located at the tetramer interface it is possible that its main effect is through destabilizing the tetramers, resulting in lower enzyme activity and an effect on drug susceptibility. Evaluating the effects of incubation at 378C on the Y155H mutant enzyme function demonstrated that the NA was more unstable in PBS, TBS and CHAPS detergent compared with the wild-type NA. The pH activity profile of the mutant NA was also very different from that of the wild-type NA. The wild-type enzyme had activity across a broad pH range in MES, citrate -phosphate and acetate buffers. By contrast, the Y155H mutant NA had activity across a broad pH range in MES buffer, but only across a very narrow range in both acetate and citrate-phosphate buffers. An effect of specific buffer on pH optimum has not previously been reported, and would easily be missed if multiple buffers were not tested.
Structural analysis of the avian N1 NA (2HU4 pdb) shows that residues 155 and 114 are .12 Å and .17 Å , respectively, from the active site ( Figure S5 , available as Supplementary data at JAC Online). Residue 155 is located in the middle of a loop between D151 to R156, both of which extend into the active site. It is also close to the '150 loop' formed by residues 149-152, which has been shown to adopt closed and open positions in crystallographic studies of type 1 influenza NAs. 41 -46 Interestingly, van der Vries et al. 47 recently reported that the use of a phosphate or acetate buffer for crystallization of the pandemic N1 NA determined whether the 150 loop was in the open or closed conformation, respectively, which may contribute to the different effect of pH and buffers on the activity of the Y155H NA. Mutations at D151, 48 -50 
R152
37,51 and R156 52 have also all been shown to result in reduced drug susceptibility, and R152K and R156K lead to reduced enzyme activity.
Similarly, residue 114 forms part of a chain from 114-119 extending into the active site. Several residues on this chain are critical to substrate and inhibitor binding. R118 is one of the catalytic triad of arginines, and mutations at V116, 53 I117 53 and E119 3, 10, 14, 18, 54, 55 all alter drug susceptibility. There has also been a recent report of an E105K mutation in an influenza B NA that affects drug susceptibility. 56 It is also located at the tetramer interface, and it was hypothesized that its mode of action is also through destabilization of the tetramers. Residues 155 and I108 (the equivalent location in N1 to E105) are on opposing sides of the tetramer interface ( Figure S5 ). Since both 155 and 114 are remote from the active site, the effects of both mutations on substrate and inhibitor binding may be through perturbation of the chains extending into the active site, in addition to destabilization by the Y155.
Interestingly, since other N1 wild-type viruses have H155 there must be compensating mutations. Movements of both the 150 loop and an adjacent 430 loop 41, 46, 57 demonstrate the dynamic nature of the NA and hence it is possible that compensating mutations could reside well away from the 155 residue.
Although our results demonstrate that both the NA and HA mutations can contribute to reduced NAI susceptibility, it is difficult to predict whether they would result in reduced clinical efficacy. However, our results emphasize the need for phenotypic testing to detect novel, non-conserved NA residues that may confer NAI resistance.
